Piezoresponse force microscopy (PFM) has been used to study the polarization stability in micrometer size Pb(Zr,Ti)O 3 capacitors. It is shown that the top electrode thickness has a profound effect on the equilibrium polarization state of poled capacitors triggering spontaneous polarization backswitching in the absence of an applied electric field and leading to the formation of an abnormal domain pattern. PFM examination of poled capacitors with thick (250 nm) top electrodes reveals domain patterns with the central regions always oriented in the direction opposite to the applied field. It is suggested that the driving force behind the observed effect is a transient response to the residual shear stress created by the top electrode in the poled capacitors during field-induced polarization switching. The proposed mechanism is quantified using finite element ferroelectric phase field modeling. The observed effect provides valuable insight into the polarization retention behavior in micrometer size ferroelectric capacitors.
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A unique combination of dielectric, piezoelectric and optical properties puts ferroelectrics among the most important groups of electronic materials which makes them attractive for a variety of microelectronic applications [1, 2] . Investigation of polarization reversal processes in ferroelectrics is of fundamental and practical importance for understanding their quasi-static and dynamic behavior. Reduction of the free energy via formation of ferroelectric domain structures gives rise to a profound mechanical stress effect on the physical properties of ferroelectrics.
Accommodation of the misfit strain in epitaxial heterostructures can result in the appearance of new phases forbidden in bulk samples and significant size dependence on the dielectric and piezoelectric properties [3] . Numerous attempts have been made to develop a thermodynamic theory that would account for the effect of the mechanical boundary conditions on structural transformations in ferroelectric films [4, 5, 6, 7, 8] . However, up to now almost all of these studies took into account the mechanical boundary conditions only at the film/substrate interface. On the other hand, the effect of the top interface on the polarization state has largely been ignored.
Furthermore, due to the pronounced size effect exhibited by ferroelectrics [9, 10, 11, 12, 13, 14] , scaling of ferroelectric structures brings about an additional aspect to their static and dynamic behavior that needs to be thoroughly understood.
Generally, the polarization state in ferroelectric heterostructures, determined by the thermodynamic minimum of free energy, is a function of electrical and mechanical boundary conditions and depends upon the film defect structure, thickness, crystallographic orientation, lattice misfit strain, electrode material, poling conditions, etc. Application of advanced characterization techniques, primarily piezoresponse force microscopy (PFM) [15, 16, 17, 18] , has provided new insight into the microscopic mechanisms of electrically-induced transformations in ferroelectric structures.
In this letter, we report on the first observation of the mechanical stress effect imposed by the top electrode on polarization stability in micrometer scale Pb(Zr,Ti)O 3 (PZT) capacitors. We 3 show that the top electrode drastically affects the polarization stability in these capacitors by triggering spontaneous polarization backswitching leading to formation of abnormal domain configurations. It is proposed that the driving force behind the observed instability is residual shear stress in the poled capacitor, which increases with an increase in the top electrode thickness. The electromechanics governing this behavior is described using nonlinear finite element phase field analysis.
The PFM studies have been performed in the (111)-oriented tetragonal PZT capacitors [18] . The top IrO 2 electrodes of several square microns have been produced on the PZT surface by reactive ion etching. PZT capacitors with both 50-nm thick top electrodes (TEL) and 250-nm thick TEL have been tested using PFM. Visualization of domain patterns in individual capacitors has been performed by applying an oscillating bias of 0.6 V (peak-to-peak) at 10 kHz to the top electrode with a conductive probing tip. electrodes used in our studies. Therefore, as the observed effect is polarization-independent (and thus, a built-in field effect can be ruled out as a possible explanation) and is observed only in the capacitors with 250-nm thick electrodes, we conclude, that the anomalous backswitching effect in micrometer PZT capacitors shown in Fig. 2 is induced by the top electrodes. We suggest that this effect is a result of residual shear stress imposed by a thick top electrode.
Before considering the backswitching mechanism let us mention that, generally, the ferroelectric switching behavior is strongly dependent on the crystallographic orientation of the 5 PZT layers. In the (001) orientation, ferroelectric switching is predominantly 180° polarization reorientation which results in no change in strain. In contrast, field induced 90° polarization switching, which involves significant strain changes, is energetically favorable in the (111) oriented capacitors. Once the potential is removed, residual elastic energy remains in the film and can potentially provide a mechanical driving force for backswitching.
This effect is simulated using a fully-coupled ferroelectric finite element phase field (FEPP) model described as follows. The FEPP model includes mechanical equilibrium, Gauss' law, and the time-dependent Ginzburg-Landau equation (see [20] for details). The three governing equations are obtained by taking the variation of the Gibbs electric energy density
is the electric Gibbs energy density and ψ is the Helmholtz energy density. ( 2 1 1 ) polarization component due to strong residual stress. It should be noted that these twinned domains would be difficult to quantify using PFM since the (111) component of polarization is uniform for both the thin and thick TEL capacitors.
After the external potential is turned off and the capacitors are allowed to relax to equilibrium, a significantly larger amount of polarization switches back in the 250-nm thick TEL capacitor (Fig. 4) . Residual elastic energy is larger in the center away from the stress-free edges which explains why backswitching mainly occurs in the central parts of the capacitors; however, a single center domain is not predicted. This may be due to the PbTiO 3 thermodynamic potential used to approximate the Pb(Zr, Ti)O 3 composition or possibly a three dimensional effect.
Nevertheless, it should also be noted that this same model correctly predicts the absence of the 
